The soluble copolymers, poly (aniline-co-o-toluidine) and poly (pyrrole-co-o-toluidine) (pyrrole-co-o-toluidine) and homopolymer.
INTRODUCTION
A number of methods for the protection of metals against corrosion are known, but looking for new method of corrosion control continues to be subject of intensive research. Interest has recently been focused on the possible use of conducting polymers as either film-forming corrosion inhibitors or in protective coatings [1] [2] [3] [4] . The conducting polymers with their unique combination of physical and chemical properties, possibility of both chemical and electrochemical synthesis, distinct electronic properties, diversity, processing advantages of conventional polymers and potentially low cost have drawn the attention of scientists and engineers during the last few years and are greatly researched materials for corrosion protection [5, 6] . The conducting polymers coating works as an oxidant to the substrate metal and makes a stable oxide film i.e. passivation film on the metals. Among large number of conducting polymers polypyrrole (PPy) [7] [8] [9] and polyaniline (PANi) [10] [11] [12] [13] are the most promising conducting polymers used for corrosion protection. One of the challenges in developing conducting polymer coatings in general, has been to overcome the difficulty in processing these materials. The general lack of solubility and fusiblity of these materials make the formation of coating on active metals difficult. The electrodeposition of conducting polymers is a popular option but the process is difficult and involves a complicated mechanism.
The copolymerization has been utilized to enhance the stability and adherence of polymeric films [14] . Wei and coworkers [15, 16] reported that aniline could be copolymerized with otoluidine to give rise to a copolymer film, the conductivity of which can be controlled over a wide range. Bereket et al. [17] reported the electrochemical synthesis of poly (aniline-co-2-anisidine) films on stainless steel and examined the corrosion properties or these copolymer coatings in 0.5 M HCl solution by potentiodynamic technique, open circuit potential measurements and electrochemical impedance spectroscopy. In a recent study, a ter-polymer film of pyrrole, o-anisidine and o-toluidine was electrochemically synthesized on low carbon steel [18] . The synthesized ter-polymer film was found to be completely different in aspect of morphology, stability and other structural properties when compared to single polypyrrole film. Further, it has been observed that copolymers have better soluibility than their homopolymers in various organic solvents. This simplifies polymer processiblity and is advantageous for producing polymers and copolymer in bulk [19] . Polytoluidine is reported to exhibit better solubility [20] and processibility [21] than polyaniline and polypyrrole [22] . Attempts have been made to solubilise pyrrole polymer by introducing one or two long aliphatic substituents groups on every pyrrole ring and copolymerizing pyrrole with other monomers and same in case of aniline.
In the present investigation soluble copolymers of pyrrole and aniline with o-toluidine were prepared by oxidative copolymerization. The copolymerization of aniline and pyrrole with toluidine is expected to greatly modify the solubility of polypyrrole and polyaniline. The resultant copolymers were deposited on mild steel by solution evaporation. The anticorrosive properties of both copolymers were investigated in major corrosive environments by subjecting it to different corrosion tests. The anticorrosive property of copolymers was also compared with the individual homopolymer.
EXPERIMENTAL

Preparation of Specimen
The chemical composition (by wt %) of the mild steel used in this study was: 0.20% C, 0.043% S, 0.028% P, 0.003% Si, 0.08% Ni, 0.113% Mo, 0.16% Mn, 0.052% Cu and balanced iron. The mild steel substrates (size ~ 40×15 and 1.3 mm thick) were polished with a series of emery papers, followed by rinsing in acetone and double distilled water and dried in air. Prior to any experiment, the substrates were treated as described and freshly used with no further storage.
Synthesis and Characterization of Poly (aniline-co-o-toluidine) and Poly (pyrrole-coo-toluidine) Copolymer
Poly (aniline-co-o-toluidine) [14] and poly (pyrrole-co-o-toluidine) [23] copolymers were synthesized by chemical oxidative copolymerization following a previously described method. Polymerization was carried out by using ammonium persulphate as an oxidant in hydrochloride aqueous medium. Polyaniline and poly (o-toluidine) were also polymerized by following the identical synthetic route. The copolymers were characterized using FTIR technique.
Solubility of Poly (aniline-co-o-toluidine) and Poly (pyrrole-co-o-toluidine) Copolymer
To evaluate the solubility of the copolymers, a polymer powder sample of 5 mg was added to the solvent of 0.5 mL and dispersed thoroughly. After the mixture was swayed continuously for 24 h at room temperature, the solubility of the polymers was characterized.
Preparation of Coatings on Mild Steel
The coatings of poly (aniline-co-o-toluidine), poly (pyrrole-co-o-toluidine), polyaniline and poly (o-toluidine) were separately deposited on mild steel samples using N-methyl-2-Pyrrolidone (NMP) as the solvent. The solutions of poly (aniline-co-o-toluidine) copolymer and poly (o-toluidine) (50% weight) were prepared separately in NMP. In case of poly (pyrrole-co-o-toluidine) and polyaniline, a saturated solution of polymers were also prepared separately in NMP and spread on the mild steel surface with the help of a dropper; this was followed by evaporation of the solvent at a temperature 85-90 0 C [24] . To get a thick and uniform coating of the polymers, controlled amount of solution was placed on the specimen. The amount of the polymer coatings on the steel surface was maintained to 5.40 mg/cm 2 with a variation of ± 5%. A strongly adherent dark coloured coating of copolymer on carbon steel was successfully obtained. The coating of poly (aniline-co-o-toluidine) copolymer was found to be more dense and uniform than poly (pyrrole-co-o-toluidine) and homopolymer coatings. A morphological analysis was conducted using scanning electron microscopy (SEM) with a (Model: FEI, Quanta 200).
Corrosion Tests
In order to evaluate the corrosion protection performance of the polymer coatings in different corrosive environments uncoated, coated and coated scribed mild steel specimens were The protection efficiency (%PE) of the coated specimen was evaluated using the following equation:
where, CRu is the corrosion rate of mild steel in absence of coating and CRc is corrosion rate of mild steel in presence of coating.
Free corrosion potential measurements
The free corrosion potential measurements of uncoated, coated and coated scribed specimens were carried out in 0.1 M HCl and 5% NaCl solution. The change in voltage against saturated calomel electrode (SCE) used as reference electrode was plotted vs time. The potential measurement in a particular medium was continued till a steady state was obtained or it went down to the potential of bare steel.
Potentiodynamic polarization measurements
The potentiodynamic polarization measurements were carried out on an EG&G potentiostat/galvanostat model 263 A. The experiments were carried out using a corrosion cell from EG&G model K0047 with Ag/AgCl electrodes (saturated KCl) as reference and Pt wire as counter electrode. The potentiodynamic polarization measurements were performed by sweeping the potential between -0.25 and 0.25 V from open circuit potential at a scan rate of 0.001 V/s. The specimen was allowed to stabilize in the electrolyte for 30 min prior to the experiment. All the measurements were repeated at least four times to ensure good reproducibility of the results.
Atmospheric test
The poly (aniline-co-o-toluidine), poly (pyrrole-co-o-toluidine), polyaniline and poly (otoluidine) coated steel samples along with uncoated steel sample were weighed and subsequently fixed on a panel which stood on a heavy metallic base and placed at the roof of the department. The exposure time was 30 days. The samples were taken off from the panel after the completion of the exposure test and physically examined. The samples were immersed in distilled water and were immediately subjected to potentiodynamic polarization measurements.
RESULTS AND DISCUSSION
FTIR Spectra of the Poly (aniline-co-o-toluidine) and Poly (pyrrole-co-o-toluidine)
The FTIR spectrum of poly (aniline-co-o-toluidine) and poly (pyrrole-co-o-toluidine) is shown in [ Fig. 1 (a) and (b)]. The spectrum of the poly (aniline-co-o-toluidine) [14] and poly (pyrrole-co-o-toluidine) [23] copolymer is consistent with the reported spectrum of copolymer. The poly (aniline-co-o-toluidine) show the broad band centered at 3377 cm -1 , a result of the characteristics free N-H stretching vibration, suggests the presence of secondary amino group (-NH-). The small shoulder band at 3293 cm -1 corresponds to the hydrogenbonded N-H vibration. The peak at about 3029 cm -1 might be because of C-H stretching on the benzene ring. The peak at 2917 cm -1 can be attributed to the C-H stretching vibration in methyl groups and gets a little bit stronger with OT unit. The IR absorption at 1489-1597 cm -1 is associated with the aromatic ring stretching. The peak at exactly 1597 cm -1 can be assigned to the quinoid ring and the one at 1489 cm -1 to the benzenoid ring. The weak peak at 1379 cm -1 can be attributed to the C-N stretching vibration in the quinoid imine units. A strong peak at 1304 cm -1 is because of the C-N stretching vibration in the alternative unit of quinoid-benzenoid-quinoid. A similar sequential structure is observed in the spectra of polyaniline. A weak peak at 1236 cm -1 can be ascribed to the C-N stretching in the benzenoid-benzenoid-benzenoid triad sequence. The peaks at 1113 cm -1 and 879 cm -1 , respectively, should be the result of the C-H in plane and C-H out-of-plane bending vibration of the 1,2,4-trisubstituted benzene ring on OT unit. In [fig 1 (b 
Solubility of Poly (aniline-co-o-toluidine) and Poly (pyrrole-co-o-toluidine) Copolymer
These copolymers are basically soluble in NMP, DMSO, chloroform, and tetrahydrofuran, and partially soluble in benzene. The high solubility of the copolymer is attributed to the presence of large number of methyl substituent on the aniline and pyrrole ring, which increased the distance between the macromolecules chains and then significantly reduced the interaction between the copolymer chains.
(a) (b) Fig. 1 FTIR absorption spectra of (a) Poly (aniline-co-o-toluidine) and (b) poly (pyrrole-coo-toluidine) copolymers.
Immersion Test
The results of immersion tests for uncoated, coated and coated scribed carbon steel specimens in both corrosive solutions are shown in ( out of the two medium selected for corrosion studies, 0.1 M HCl is most corrosive in comparison of 5% NaCl solution. The corrosion rate of uncoated steel in 0.1 M HCl is quite high. The poly (aniline-co-o-toluidine) copolymer coating was found to exhibit low permeability against water ingress. It showed PE of 78.41% in 0.1 M HCl solution and the PE in 5% NaCl solution being 93.17%. The effect of poly (pyrrole-co-o-toluidine) copolymer coating on steel is quite pronounced in both corrosive medium and it showed PE, 78.45% and 88.37% in 0.1 M HCl and 5% NaCl solution, respectively. The presence of scribed mark on the copolymer coating only marginally affects its performance and the % PE of scribed specimens was higher than the poly (o-toluidine) coating. This confirms the self passivating nature of the copolymer coating. The better performance of polyaniline coating is probably due to increased participation of polyaniline coating in the oxide formation. The % PE of poly (pyrrole-co-o-toluidine) coated steel is significantly higher than homopolymer but lower than the poly (aniline-co-o-toluidine) copolymer coated steel samples. The corrosion performance of polyaniline homopolymer coating was found better than poly (o-toluidine) coating. The results obtained by immersion test are also supported by potentiodynamic polarization study. 
Open Circuit Potential Measurements
The OCP value (E ocp ) of uncoated, polyaniline, poly (o-toluidine), poly (aniline-co-otoluidine) and poly (pyrrole-co-o-toluidine) copolymer (both scribed and unscribed) coated steel was monitored with time in both 0.1 M HCl and 5% NaCl solution and the results are shown in (Figures 2-3 ). An analysis of the results of OCP measurements in corrosive solution show that when steel is covered with a single homopolymer or copolymer films, potentials are shifted towards more noble values compared with the uncoated steel indicating that these systems have a greater resistance to corrosion. In the case of the uncoated carbon steel the variations in potential corresponds to a system found in an active dissolution process. With increasing immersion period, there is a continuous increase in the negative potential till a steady potential is obtained. However, the final potential is still nobler than the potential of uncoated steel. The noble shift in potential is more pronounced for polyaniline and both copolymers coatings than poly (o-toluidine) coating. In case of coated scribed samples, after an initial increase in potential, a decrease in the potential is observed; this is followed by a constant potential. However, the final potential is again nobler than the potential of uncoated steel.
A noble potential for coated steel in comparison to bare steel indicates that polymer coated systems have a greater resistance to corrosion [24] . The protection offered by the polyaniline, poly (o-toluidine), poly (aniline-co-o-toluidine) and poly (pyrrole-co-o-toluidine) is attributed to both barrier effect and formation of passive oxide as a result of redox reaction at the steel and polymer interface [26] . The barrier effect is operative as long as coatings remains intact and isolate the substrate from corrosive environments. The initial OCP started to increase as a result of the initiation of corrosion process under the coating leading to anodic dissolution of steel. As the amount of water held within the pores of the coating increased, the mobility of corrosive species through the film increased. In this context, the porosity of the coating has much importance for initiation and progression of corrosion phenomenon under the coating. During this period, the barrier efficiency of the coating had diminished due to the increased amount of electrolyte held by the coating. The behaviour of polyaniline coating in all corrosive solutions is appreciable during the initial hours of immersion period; however, the copolymer coatings provided best protection during 200 hrs of immersion. This is attributed to the better barrier behaviour of the copolymer coating than homopolymer coatings owing to the presence of a uniform and dense film of the copolymer on the steel substrate. The better performance of polyaniline coating than poly (o-toluidine) coating is probably due to more participation of polyaniline coating in the oxide formation. In case of coated scribed sample, though the initial OCP was higher than coated steel sample owing to the break in the coating, however, the coating immediately repassivated as a result of redox reaction and attained a potential close to the potential of coated steel and matched up to the end of immersion period of 200 hrs. The findings suggest that protection mechanism other than barrier protection is operating and is consistent with the reports of other authors [27, 28] . 
Potentiodynamic Polarization Measurements
The potentiodynamic polarization curves for uncoated, poly (aniline-co-o-toluidine), poly (pyrrole-co-o-toluidine), polyaniline and poly (o-toluidine) coated steel recorded in 0.1 M HCl and 5% NaCl solution, respectively are shown in (Figures 4-7) . The values of corrosion potential (E corr ), corrosion current density (I corr ), cathodic beta (b c ), anodic beta (b a ) and corrosion rate obtained from these curves are listed in (Table 2 ). In 0.1 M HCl the tafel extrapolations show that both poly (aniline-co-o-toluidine) and poly (pyrrole-co-o-toluidine) copolymer coatings on steel shifted the corrosion potential in nobler direction from (-522 mV to -116 mV and -231 mV vs Ag/AgCl electrode) respectively. The positive shift in E corr confirms the best protection of the mild steel when its surface is covered by copolymer coatings. Also the corrosion current density (I corr ) decreases which reduces the corrosion rate by an amount of several thousand times lower than the uncoated steel. The polyaniline coated sample also behaves in a similar manner and shows appreciable reduction in values of E corr and I corr . The results of potentiodynamic polarization curves for homopolymer and copolymers coated samples obtained in 5% NaCl solution show almost identical trend as obtained for 0.1 M HCl. There is a substantial positive shift in the corrosion potential and reduction in I corr of both copolymer and homopolymer coated steel relative to uncoated steel causing a substantial lowering in the corrosion rate. The values of electrochemical parameters favour the existence of a strong passivating coating having barrier effect on the surface of the mild steel coated with polymers. In case of homopolymer coating, the polyaniline coated samples provides better protection than poly (o-toluidine) coated samples in both mediums. This is attributed to the better participation of polyaniline coating in oxide formation. The potentiodynamic curves for copolymers coated scribed steel (fresh and after 1 month immersion) indicate that the damage inflicted on the coating do not adversely affect its performance. The corrosion rates of scribed samples are still lower than the corrosion rate of bare steel. This again supports the passivation property of the both copolymer coatings.
The potentiodynamic polarization curves for copolymers coated steel (both scribed and unscribed) and individual homopolymer coated steel samples were also recorded after 30 days of immersion in the respective corrosive medium. The results indicate that though there is some deterioration in the protective properties of the coating but the corrosion rate is still lower than the bare steel. This is indicative of high chemical stability of the polymer coatings. 
Atmospheric Test
The samples taken after the completion of the atmospheric test were physically examined. The potentiodynamic polarization curves for uncoated, coated and coated scribed steel (Figures 8 and 9) . The values of corrosion potential (E corr ), corrosion current density (I corr ), cathodic beta (b c ), anodic beta (b a ) and corrosion rate obtained from these curves are listed in Table 3 . Poly (aniline-co-o-toluidine) coating did not show any colour change and corrosion product on the surface of the substrate. In case of poly (pyrrole-co-o-toluidine) copolymer, the coating was found to be detached from the substrate at some places. Polyaniline coating shows comparatively poor adhesion and gets detached from the surface during the atmospheric exposure but perform better than the poly (o-toluidine) coating. In case of poly (o-toluidine) coating, it shows maximum deterioration and poor corrosion resistance. The tafel extrapolations show that in presence of copolymers and polyaniline coating the mild steel show a noble shift in corrosion potential and corrosion current density with respect to bare steel for the same condition. As a result of decrease in corrosion current density, the corrosion rate is still lower than the bare steel. It is clearly shown that the poly (aniline-co-otoluidine) coating could provide a much efficient barrier protection for longer periods with respect to the other copolymer and homopolymer coatings for atmospheric corrosion of mild steel. The copolymer coated scribed sample performed in a similar manner as unscribed even after one month of atmospheric exposure. After one month of atmospheric exposure, though the adherence of the copolymer coating was affected but it still maintained the protective properties giving excellent protection to the underneath metal. 
Scanning Electron Microscopy
The SEM micrograph of uncoated mild steel and polyaniline coated mild steel specimens is shown in Figure 10 (a) and (b). The SEM micrograph of poly (aniline-co-o-toluidine) copolymer coated specimen in Figure 10 (c), revealed that the formation of a closely packed, continuous and uniform layer. Figure 10 (d) showed the poly (pyrrole-co-o-toluidine) copolymer coated specimen and it was found dense and slightly less uniform in comparison of poly (aniline-co-o-toluidine) copolymer coating. The dense and continuous structure is consistent with the ability of the coating to protect the metal from corrosion. After immersion both coatings showed partial and localized removal of coating material. 
CONCLUSIONS
Poly (aniline-co-o-toluidine) and poly (pyrrole-co-o-toluidine) copolymers were synthesized by chemical oxidative copolymerization. The adherent and dark coloured coatings of copolymers were successfully casted on carbon steel by solution evaporation. The thickness of both copolymer coatings has been arranged to approximately same in order to compare their corrosion protection. The coatings of copolymers were more dense and uniform than homopolymer coatings. copolymer coated steel is significantly lower than the homopolymer coatings in both corrosive medium under investigation. The result of OCP measurements show nobler potential for copolymer and homopolymer coated steel compared to the uncoated steel. Also the electrochemical measurements realized for corrosion behaviour of this coating on steel indicated to low permeability and stability in severe corrosive conditions. The presence of scribed mark on the coating does not significantly affect the integrity of the coating. Poly (aniline-co-o-toluidine) copolymer coating performed better than poly (aniline-co-otoluidine) and homopolymer coatings.
